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Abstract

The general ized formulation of the theory of Dual Radiation Action (TDRA)
deals qual]titatively with the process of sublesion-lesion production in sensi-
tive sites irradiated with un-i~u~w)fields of ionizing radiation. In this paper
modifications of this formalism necessary to treat the case of a~.i,,:?;;~ttcd
fields of radiations are described. As an application recent survival data
obtained with soft x-ray experiments are analyzed. It is shown that a) given
a linear-quadratic dose-effect rel~tion with constant B (the coefficient of
D2 in this relation), b) the function Y(X) (i.e., probability for two energy
transfers separated by x to produce a lesion) can be obtained with the aid of
Monte-Carlo generated proximity functions, and c) this y(x) may bc successfully
utilized to account for survival results obtained, with the same cell line,
using N particles.

P. Introduction—.
It is currently accepted that the initial spatial distribution of primary

radiation products if;irradi~tco biologici~l material {s fundamental to the

observed effect. Recently, expe:”imcntal and theoretical cvirienc~ hfivQindicnt.ed

that physical qilantities averaged over cellular (i,e, n~icrc)mtl’1’)dimf’nsiorrs

may not be sufficient, and finer details of tk energy dc~wsititll]llrr~ccssesmay

be required. In this respect, soIIwdata which have the l)ot,cl~ti,~lto yield

useful il]folv;kltionore th~ results (1,2) of cull rurvivdl atld clIItIIIIosonr aber-

ration lll(’clsllt(’rl~$ntsdftpr irradiation by soft X-r(I,y5WIWSV s(I~~~I)tl,~ry(Iluctr(lns

have r,~t)g(’ssigtlificdntly smaller tl)illl CP1l dink’t)sions.

111(1:I(IIC’I-CI1 i/{Idfor-mulatior) of tll[’lll(’(JI-.Yof” [111(11Ihdiotioll lhtiol~(1DIW) (~)

trt:dt.3tl\(Ifotm]t.i(jrlnf lesions in :.(’rlsitivr:;itc:l(IxlNJ5(Jdt.o III){ tOrm fl(’lcf:;

of riididtion, 11(’(:IIJ5(Jof t.hc!)tr(lrlqdtt(’rl(hltiot]suf f~~t(~(lby V(III.ysoft A.1.,7ys

in trllv(’l’’}irlq(I((’11a rmdificatioll t)f tll(’(lri(lirl(lltt(~,)f.llk)l]t.i!,IM\C(*S\,lt4.y.

II)(’tJilSi(tll[(lt.,y,Irldits mr~dificat;f)tlsfol.,ltt,’t~~j,ltodfi[~lds,11(’Ill’St,
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described. The cell survival results of the soft and hard x-ray expcrin}cnts (1)

are then analyzed in terms of this mdified formalism which is then used to

account for the effects of high-LET ~-particles mcasureil in the same series

of experiments (4).

B. ~heoretical treatrrent

The TDRA (3) assumes that:

a) ionizing radiation produces units of elementary injury, ternwd

sublesions, in the sensitive part of the cell at a rate proportional to the

energy transferred (deposited) locally, and

b) sublesions interact pairwise in a distance-related manner with

probability g(x) to produce lesions, i.e., injury directly responsible for

t~,eobserved end-point.

Thus the average number of lesions in a volume, V, of uniform sensitivity

for producing sublesions is:

m

-E’ ~g(x)dx) dx (1)
o

whel’eT (x) dx is the average number of pairs of sublcsions per cell whose

distance apart is between x ~ld x + dx, T (x) is comparatively simple to

evalmte and for a given dose, D and density o is given by (3)

~(x) dx = !2c2 pVD [t.(X) + 4rrx2[~r)]dx, (2)
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fraction (~ 1) of the spherical shell considered above will contribute to

sublesion formation, i.e., to consider the random geometric overlap between

the track and the matrix. For a uniform field, this fraction is denoted

S(X)/4TX2 yielt;ing a final expression for ~ of the familiar linear-quadratic

type:

w cm

z =%C2PVD[ / g(x) ‘x+ t(x)dx + pD
f

g(x)s(x)dx] (3)
41Tx~

o 0

The situation for an attenuated radi~tion field is rather more complex.

Consider a sensitive matrix of arbitrary shape exposed to ~n exponentially

attenuated x-ray field in the z direction (Fig. 1). The expected number of

sublesions in a slice of area A(z) and width dz centered at z is

cpA(z)dz Do exp(-pz) (4)

where Do is the dose at z = O and u is the relevant absorption
t coefficient

for the radiation.

The number of intra-track sublcsions in a spherical shell of r,]tliusx

centered in the slice is

C t(x) dx S(XIZ)/4TTX2

where s(xlz)/4nx2 is the expected fraction of the volunm of the sphrrfcal

shell overlapping the sen$itive matrix at a given z.

The avrrngc number of intra-track lesions Iwr cell is then qivrl~ hy:

(.!

(5)

(6)
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and Eq(6) yields
al

z
1 C* Pm

J
t(x) g(x) dx (7)

o

where ~ is the average dose over

using Monte-Carlo techn ques, ut

proportional to the distribution

sensitive matrix. For all the g[

the sensitive matrix. S(XIZ) was calculated

lizing the fact (3) that this function is

of distances between random points in the

ometries considel-ed the approxim~tion used

in obtaining Eq(7) was found to be justified.+

To examine inter-track lesions consider again Fig. 1. The number of

sublesions in a small volum dv at the center of the shell is

and

#

Mul’

al1

les

for

cpDoexp(-pz) dv

the number of sublesions in a small volume dvl in the shell is

cpDoexp(-pzl) dvl

(8)

(9)

iplying expressions (8) and (9) together with g(x) and integrating over

the allowed values of x, z and Zl, the expected yield of inter-track

ons per cell is obtained. An analytical calculation of this quontity

a spherical sensitive matrix can be found in Ref. 5.

The final expression, however, can be obtained using the following

observations. Consider a matrix with a ?oif;’(})’!~) distribution of sullsitive

sites irradiated with an att.cnmtc,i radiation field. With respect tc any

sublesion, all the sublesior,s produced by indc~lcndent events (i.c, , those

sublcsions responsible for inter-track lesions) are distributed in an attenu~tcd

fashion across the matrix. Fornmlly, this is equivalent to the sit~l,~tion

1 ~jist,l-il~[ltiollof sensitive sites is exposedwhere a matrix with an ~If.f.~+)~~~CIf;,,

to a ;O::;’t’~I:Vfield of radiation.

trdck Icsions can therefore br d
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a!

-E=2 %C2~(U) P2 D02
f

9(x) s(x;P) dx

o

where

~(u) = I A(z)dz e-vz

and S(X;P) is the function corresponding to s(x) of Eq(3), for the case of

an attenuated matrix [s(x;O) ~ s(x)]. The notation in Eq(lO) shows explicitly

the p dependence , where applicable. S(X;P) may be calculated, using Monte

Carlo techniques, for any geometric configuration describable on a computer.

Thus an exponentially decreasing sample of points is generated in the volume

and then the distribution of distances between all points in the sample is

calculated. Fig. 2 shows calculated valllesof s(x;p) for two geometries and

different values of p.

From Eqs(7) and (10) the average yield of lesions may be expressed in

the form

E’ !, C2 (32V ~ g(x) S(X;()) dx

S(x;o) (JYJy (x) = ‘“--””-’-”--”’ - ““””- ‘“—

4 1:X2(!
I

S[X;()) g(x) dx

(12)

(13)

(14)

(15)

Also, frcm[qs(12-15):

(16)
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C = a/f3 =
J

t(x) y(x)dx (17)

For short-r~nged particles the approximation S(X;O)/4TrX2 = 1 was used in

Eq(12).

For a given cell line, f3 in Eq(ll) is a constant independent of the

radiation quality. However the coefficient of~z does depend on P.

C. Application to experimental results

The analysis of the V79 cell survival data (1) after irradiation with

soft and hard x-rays was performed under the assumption (6) that each increment

in the number of lesions eliminates a proportionate fraction of cells able

to form colonies, i.e.

S(m) = exp[ - c(~)l (18)

The immediate object of the analysis is to evaluate the flmction y(x)

of Eq(14). In principle, using Eqs(18) and (11) tne data may be fitted to

obtairl the parameters u and B. Then using the values of L corresponding to

different radiations and known proximity functions, Eq(17) may be unfolded to

yield y(x). Here, hOWeVer, K(p) itself depends on the unknown y(x). An

iterative procedure was thus followed. In the first step, in Eq(15) s(x;lJ)/s(x;O)

was replaced by 60 = s(O;p)/s(O;O). Then K(P) becomes:

K. (LI) = L 60
Ti

Hsing thi~ value ‘he e~perirrnntal data were fitted, using a ma::ilmmllikelihood

criterion, to yield an initial estimate of a and F. An cstimdtc of }(x)

was then obtained yielding [Eq(14)] an improved value of K(P). Tllcpt.occrlure

wa~ repeated until convergence was obtained, which in the prcspnt c,lsroccured

after one iteration.

The proximity functions, t(x) were calculated using a cictailrd hk~ntr

Carlo electron trhnswrt code (7) in N1’ich the vnrrgies and positi~~l~sof all

non-clast.ic events were recorded and arlalyzf~daccording to th~ d~fil~it,it~l}of

t(x) given fibovc. The results are sivm in Fig. 3 for ~ilct.111-t~(’:Itlftx-l”,l,y’~

(carbon, electron energy 270 cV; alumit~um 955 and 516 rV; titanimtl,40;’(;,ltld

516 eV) ,~ndfor 250 kVp x-rays. y(x) u!ds thrn ol~t<lillrdi).ysolvillqo ~l~illq
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numerical methods (8), the following set of linear algebraic equations and

inequalities:

J

X;y(xj) Ax. = (4iTP)
-1

J

i = 1,2,3,4

fc”ilows directly from Eq(15). The result is shown in Fig. 4.

tted survival curves calculated with Eqs(ll), (14) and (

in Fig. 5 (solid lines). A fit was also carried out allcwing ~

between radiation (Fig. 5, broken lines). Using the stand~rd F

not possible to reject the hypothesis of a constant B at a 95% “

(19)

(20)

(21)

8) are shown

to change

test it was

evel of con-

fidence. It is interesting to note, however, that when the attenuation factor,

K(P), was removed from Eq(ll) the hypothesis of a constant B co7~Zd be rejected

indicating the importance of treating attenuation adequately.

The calculated functian y(x) shown in Fig. 4 can be used predictively.

This wcisdone for the survival data following irradiation with 28 keV/llm

a-particles, obtained in the same series of experiments (4). Again, the

proximity function was calc~lated using a proton Nont,e Carlo transi~ort code

The value of c [Eq(17)] and 6 thus obtained yield the theoretical sut”vival

curve shown in Fig. 6. The agreement with the data is gratifying.
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Figure Captions

Fig. 1 Schematic representation of the irradiation geometry discussed in
the text.

Fig. 2 Results of No;lte-Carlo calculations of the function s(x;~I) for a
3.5 pm-radius spherical site and a 7 pm-radius hemispherical site.
The dotted, dashed and full curves, respectively, were calculated
using the attenuation coefficients of titanium, aluminum and
carbon x rays. In subsequent calculations the hemispheriodal gecmetry
was used as being the mot realistic.

Fig. 3 Calculated proximity functions of energy transfer for carbon,
alumirium, titanium and 250 kVp x rays, and for 28 keV/l~mm [Jarticles.

Fig. 4 Calculated gamma function for V79-4 Chinese hamster cells.

Fig. 5 Linear-quadratic fits to experimental data for V7? cell survival
after irradiati~n by carbon, aluminum, titanium and 250 kVp x rays.
The full curves are the results of global fits using a constant
B (see text); the dashed curves are the results of individual fits
in which B was allowed to vary.

Fig. 6 Calculated survival curve for 28 keV/llm a particles using the proximity
function of Fig. 4. The experimental survival data are from Ref. 4.
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